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Great interest has been generated in multiferroics because of the potential cross-coupling between the two order parameters, i.e. electric field controllable magnetic state and vice versa, which makes it promising in energy efficient memory devices and sensors applications. [2] [3] [4] Because of the scarcity of ferroelectricity and ferromagnetism in bulk single-phase multiferroics, 5 much attention has been focused on complex thin-film heterostructures between ferroelectric and magnetostrictive materials to realize effective magnetoelectric coupling by harnessing interfacial strain. 4 In fact, interfacial strain has been demonstrated as an effective method to tailor the physical properties of thin films, [6] [7] [8] [9] [10] including controlling magnetic and electric properties in thin film multiferroics. 4, 6, 11 Furthermore, epitaxial strain might even induce emergent ground states which are absent in the bulk materials. 9 , 12 E.g., EuTiO 3 thin films that were epitaxially grown on DyScO 3 by Lee et al. became ferroelectric (FE) (T FE =250 K) and ferromagnetic (FM) (T C =4.5 K). 12 This strain-induced multiferroicity in EuTiO 3 was initially proposed by
Fennie and Rabe using first principle calculations, where they showed that the ground state of EuTiO 3 can be tuned into a ferroelectric-ferromagnet by applying sufficient biaxial lattice strain. 12, 13 The theoretical prediction was inspired by the observation of strong spin-phonon coupling in bulk EuTiO 3 in the earlier experimental studies by Katsfuji and Takagi. 14 Recent experimental consensus about the ground state of bulk EuTiO 3 is that the crystal symmetry (I4/mcm) was lower than that in previous reports (Pm3m) due to complex oxygen octahedral tilts. [15] [16] [17] [18] Consistently, first-principle calculations not only confirmed these new experimental results, but also pointed to a whole family of nanoscale twinned phases with nearly degenerate energies, which provides a theoretical basis for phase coexistence in the EuTiO 3 system. 12, [19] [20] [21] Though the strain-induced multiferroicity has been confirmed experimentally, the [26] [27] [28] Magnetization measurements were performed in a superconducting quantum interference device magnetometer (SQUID).
Magnetization measurements of ETO/DSO films are non-trivial because the large paramagnetic response from the thick DyScO 3 substrate dominates the total magnetic signal in high applied magnetic fields. 29 The susceptibility anomaly of the antiferromagnetic (AFM) transition at T N =3.1 K of DyScO 3 would interfere with the magnetization measurement even in low magnetic fields. 12 Since the MFM signal is only sensitive to stray field gradients, there is no magnetic contrast above a uniformly magnetized magnet with a flat surface. 25 Therefore, the MFM technique is insensitive to the magnetic response from DyScO 3 substrate, in either the paramagnetic or the AFM phase, i.e., MFM is an ideal tool to explore the local magnetic property of the epitaxial EuTiO 3 film. 
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Based on the magnetic field dependence of RMS values and cross correlation coefficients, several points can be drawn from our MFM data. First, the in-plane magnetic domains and the inhomogeneous magnetic state at low fields (0-0.3 T) produces a complicated MFM pattern. Note that the film has an in-plane easy axis due to the biaxial tensile strain. 31 The MFM images at zero field show a switching behavior, namely sudden change of MFM signal between adjacent scan lines in Fig. 2(a) , i.e. horizontal line features. These horizontal lines indicate sudden changes of in-plane moments in the FM domains, probably due to the proximity of a significant stray field from MFM tip that is larger than the local coercive field. To shed some light on the nature of the magnetic inhomogeneity, we performed temperature-dependent MFM studies with a 0.25 T OOP magnetic field, which is strong enough to align the in-plane FM domains but not enough to saturate the non-FM moments.
As explained in above text and magnetization, which is qualitatively consistent with the magnetic inhomogeneity observed by MFM. Consequently, the non-uniform magnetic phases which were directly visualized by MFM provide a physical scenario to explain the missing saturation moment. The origin of the magnetic inhomogeneity is not clear at this moment. One possible mechanism is that a mixed magnetic phase emerges in the thin film because the epitaxial strain lies closely to the phase boundary between AFM-paraelectric and FM-FE. In the light of the structurally nanometersized twined phases with nearly degenerate energy suggested by recent theoretical studies, likely there are also multiple or inhomogeneous magnetic ground states in the strained ETO thin films because of strong spin-lattice coupling. 19 Such kind of electronically soft phases provide a new route to engineering giant response (e.g. magnetoelectric coupling) to external stimuli. 32, 33 In conclusion, our MFM results of ETO/DSO provide direct evidence of local magnetic inhomogeneity in the tensile-strained film, which explains the reduced bulk saturated magnetization in previous studies. The non-FM phases, which are likely PM, reduce the averaged magnetization in bulk measurement. Our real space observation of the mixed phase is consistent with previous findings. The competition between different coupled magneticdielectric phases, which can be subtly tuned by epitaxial strain or even electric field, offers plausible prospects to realize 'giant' magnetoelastic or magnetoelectric coupling. 
